Striking bacterial activity against Pseudomonas aeruginosa 9D-2 was achieved by glycine-carbenicillin, ethylenediaminetetraacetic acid-carbenicilhin, and glycine-ethylenediaminetetraacetic acid combinations, whereas none of the agents used alone was capable of the same degree of bactericidal activity. Studies using a microtiter modification of the checkerboard technique were performed to evaluate the comparative activity of these antimicrobial combinations. Isobolograms showed synergistic effects with carbenicillin-glycine, carbenicillin-ethylenediaminetetraacetic acid, and glycine-ethylenediaminetetraacetic acid combinations. Bacterial growth inhibitory curves with subinhibitory concentrations of these agents in combination confirmed these findings.
Pseudomonas aeruginosa is frequently involved in nosocomial disease of debilitated patients such as those with burns and those receiving antibiotic, cytotoxic, or immunosuppressive therapy (9) (10) (11) . Controlling invasion of P. aeruginosa is difficult; such microbial invasion often arises because of microbial resistance to antibiotics (12) . A variety of topical agents are currently used to control proliferation of P. aeruginosa and other organisms associated with hospital-acquired infections (8) .
The ability of P. aeruginosa to exist as a resistant pathogen and the disadvantages of the topical creams now employed have led us to investigate other control methods. In this investigation the comparative activity of ethylenediaminetetraacetic acid (EDTA), glycine, and carbenicilhin against a P. aeruginosa isolate was evaluated. The inhibitory effect of glycine (4, 5) , EDTA (13) , and carbenicillin (7) on bacterial growth has been known for a long time. In addition, combinations of these antimicrobial agents were investigated for synergistic effects. ,ug/ml (diluted with distilled water) and stored in 1.5-ml samples at -70°C. Glycine stock solutions were prepared in concentrations of 1,600, 1,200, 800, 600, and 200 mM and were stored at 8°C. EDTA stock solutions (500 mM) were stored at 8°C.
Both EDTA and glycine were diluted with distilled water. Solutions of EDTA were filter sterilized and added to the sterile GM III medium to the desired concentration, whereas glycine was added with the other constituents of the GM III minimal medium and then autoclaved. All stock solutions were stored for no longer than 14 days. Carbenicillin disks (100 ,ug)
were supplied by BBL Microbiology Systems, Cockeysville, Md.
The procedure for susceptibility testing by a standardized single disk has been described by Bauer et al. (1) . However, GM III miniimal medium with 1.5% agar was used in place of the standard Mueller-Hinton medium. The minimal medium GM III was employed so that the exact concentration of glycine could be controlled. A reference organism, P. aeruginosa ATCC 27853, was used to standardize the GM III media.
The tests for synergism with various drug combinations were carried out by the microtiter broth dilution method as described by Sabath (14) . In this method, two-dimensional miniimum inhibitory concentrations were measured in microtiter disposable plates containing 96 wells. All wells contained a final inoculum of 1.0 x 105 cells per ml. After 30 h of incubation at 370C, the minimum inhibitory concentrations were calculated for all of the possible combinations of concentrations of each drug pair, and the results are presented in the form of isobolograms.
To further determine the synergistic effect of two antimicrobial agents, we carried out bacterial inhibition studies. GM III broth containing subinhibitory concentrations of glycine, carbenicillin, EDTA, and combinations of these agents was inoculated with 1.0 x 107 cells of P. aeruginosa 9D-2 per ml. The cultures were incubated at 37°C on a rotary shaker, and samples were removed at appropriate intervals for optical density readings. Bacterial inhibitory studies are comparable to bacterial killing studies as described by Sabath (14) .
On GM III plates without glycine, the zone of inhibition around a carbenicillin disk was 25.2 mm, whereas on plates containing 62.5, 125, and 175 mM glycine, the zone of inhibition increased to 30.3, 36.0, and 39.0 mm, respectively.
The results of testing combinations of carbenicillin and glycine against P. aeruginosa 9D-2 are presented in an isobologram (Fig. 1A) . Each plotted point represents the minimum amount of carbenicillin and glycine for growth inhibition. The points intersecting the ordinate and abscissa represent the mimimum inhibitory concentra-NOTES 733 tions of carbenicillin (128 ,Lg/ml) and glycine (300 mM). The isobole of this carbenicillin-glycine combination is bowed inward, suggesting a synergistic effect. Figure 1A also shows that subinhibitory concentrations of carbenicillin as low as 24 ,ug/ml and 75 mM glycine in combination produced an antibacterial effect against P. aeruginosa 9D-2.
The results of combining carbenicillin and EDTA are shown in Fig. 1B . The minimum inhibitory concentrations for carbenicillin and EDTA were 128 ,ug/ml and 12.5 mM, respectively. The isobole is bowed inward, suggesting a synergistic effect. Subinhibitory concentrations of carbenicillin as low as 16 ,ug/ml and 1.56 mM EDTA in combination produced an inhibitory effect against P. aeruginosa 9D-2. Figure 1C illustrates the results of combining glycine and EDTA. The minimum inhibitory concentrations for glycine and EDTA were 300 and 12.5 mM, respectively. With this combination, the glycine-EDTA isobole is bowed slightly inward, suggesting a moderate synergistic effect. With low glycine concentrations (50 mM) and high EDTA concentrations (6.25 mM) a synergistic effect existed. However, as the concentrations of glycine increased and those of EDTA decreased, the synergistic effect lessened.
Growth curves of P. aeruginosa 9D-2 in carbenicillin (32 jig/ml), glycine (150 mM), and the combination of carbenicillin (32 ,ug/ml) and glycine (150 mM) are shown in Fig. 2 . Figure 2A shows that subinhibitory concentrations of carbenicillin and glycine in combination produced a greater inhibitory effect. A synergistic effect ( of carbenicillin (32 ,ug/ml) and EDTA (2.0 mM). However, with 150 mM glycine and 2.0 mM EDTA, the inhibitory effect was only slightly enhanced, suggesting moderate synergy (Fig.   2C ).
We have demonstrated that growth of P. aeruginosa 9D-2 was inhibited by glycine, EDTA, and carbenicillin and that combinations of carbenicillin-glycine, EDTA-carbenicillin, and to some degree glycine-EDTA produced synergistic effects on P. aeruginosa 9D-2.
The mechanism for the synergy demonstrated with these agents is unknown. EDTA is known to cause release of a protein-polysaccharidephospholipid complex from the outer membrane, thereby decreasing stability and increasing permeability of the cell wall. The role of EDTA in the synergism it demonstrated with carbenicillin may be twofold. First, it may facilitate the penetration of carbenicillin into its target site. Second, because EDTA alters the cell envelope, it may contribute to the instability of the cell wall which results from the action of carbenicillin.
Carbenicillin, which decreases the stability of the cell wall by inhibiting both the transpeptidase and the D-alanine carboxypeptidase enzymes, also acts synergistically with glycine. Glycine inhibits bacterial growth by replacing both D-and L-alanine residues of the peptidoglycan (5, 6) . Thus, carbenicillin and glycine, both of which inhibit cross-linking of peptidoglycan strands by different modes of action, would be expected to have a synergistic mode of action.
The mechanism of synergism demonstrated with EDTA and glycine is probably similar to that of EDTA and carbenicillin in that EDTA may contribute to the instability of the cell wall caused by the action of glycine on transpeptidation, or it may improve delivery of glycine to its site of action.
The utilization of EDTA and glycine as antimicrobial agents is not new. Failla et al. (3) demonstrated that total parenteral nutrition solutions can be rendered antibacterial by decreasing the content of alanine and increasing that of glycine. They proposed that high concentrations of glycine are antibacterial either by inhibiting such enzymes as D-Ala-D-Ala ligase, alanine racemase, or L-alanine "adding" enzymes or by replacing both D-and L-alanine residues in peptidoglycan subunits, thereby impairing transpeptidization within the cell wall (3). Tomoeda et al. (15) have shown that glycine is effective in eliminating drug resistance of Escherichia coli K-12 JE2100 strain harboring the R100-1 factor, although at lower levels than that of sodium dodecyl sulfate. However, the mechanism by which glycine acts as a curing agent is still unknown. EDTA has been shown to substantially increase the antibacterial activity of polymyxin B sulfate, benzalkonium chloride, and chlorohexidine diacetate against P. aeruginosa (2) , probably by increasing the permeability of the cells to the antimicrobial agents.
Although high concentrations of glycine and EDTA are required in comparison to that of carbenicillin, we feel that further research should be done with other strains of P. aeruginosa. Also, in vivo research could be designed with laboratory animals to investigate the efficiency of EDTA and glycine as topical agents when used in conjunction with antibiotic treatment. However, it is important to note that activities of aminoglycosides, such as gentamicin and kanamycin, were not enhanced by the presence of glycine (unpublished data), whereas the activity of carbenicillin was greatly enhanced. In conclusion, this investigation suggests that glycine, EDTA, and carbenicillin in various combinations might be used in the treatment of P. aeruginosa infections and that this approach to the control of P. aeruginosa colonization (especially as it occurs in burn wounds) warrants further study.
